Many microsatellites developed and operated by university teams have been launched in recent years. However, some of the microsatellites faced fatal problems in operation and could not fully achieve their missions due to the teams' lack of experience. Since it is difficult for teams to forecast and avoid fatal problems, they have not accomplished the real space missions yet. Although the accumulation of experiences is necessary to avoid fatal problems, a single team is not able to develop enough satellites to encounter each possible problem, and newcomers lack the experience to predict and prevent all problems. Experiences and knowledge gained by the experienced teams should be shared among all university teams, including newcomers. In this study, we analyzed the success and failure of CubeSats and university microsatellites statistically to understand the present situation and forecast the future of microsatellite development. In addition, to gather detailed data, we conducted a questionnaire investigation about the failures and the development environment at Japanese universities with teams that have developed microsatellites. We reveal their various trends and problems and predict the number of launched CubeSats and mission success probability. Additionally, we highlight the potential to predict half of the failures using tests.
Introduction
Professor B. Twiggs at Stanford University proposed the so-called CubeSat, a standardized 10-cm-cubic satellite, to utilize its low-cost and short-term development for new space activity at the University Space Systems Symposium (USSS) in 1999. 1) This led to many universities starting their own CubeSat projects. In 2003, six CubeSats were launched, including XI-IV by The University of Tokyo 2) and Cute-I by Tokyo Institute of Technology, 3) proving that even university teams, that is, even students, could develop and launch satellites. As a result, more microsatellites, including CubeSats, have been developed by universities around the world.
Microsatellite development at universities tends to be used for technical education, resulting in a lack of interest in the mission success and failure itself after the launch, and the students do not always determine the technical causes of failure. Specifying the reasons for failure is very important for the ongoing improvement of satellites. In addition, the membership of the university team frequently changes because students on the team graduate, which suggests that it is important to document team members' know-how. At the same time, this knowledge is limited by the fact that the team has not effectively analyzed the causes of microsatellite failure.
In this paper, we analyze the success and failure of CubeSats and university microsatellites statistically to understand the present situation, reveal the problems encountered and forecast the future of microsatellite development. In addition, to gather detailed data, we conducted a questionnaire investigation about the failures and the development environment at Japanese universities with teams that have developed satellites.
Acquisition of Information and Questionnaire
We collected CubeSat information from websites, conference papers and journal articles, and surveyed teams involved with university microsatellites in Japan with a questionnaire. CubeSats are one of the most suitable materials for analyzing the situation of university microsatellites, because there is a great deal of information about them on the web.
Acquisition of information
We collected information about CubeSats launched before 23 April 2011 including satellites developed by space agencies and satellite manufacturers (note that the mission success or failure of the satellites built by the agencies and manufacturers were not evaluated), and the items collected were: satellite name, country and organization, launch date, launch vehicle, mass and size, minimum success and full success of the satellite. Minimum success occurred if a beacon or transmitted data from the satellite in orbit was received, and full success occurred if the satellite completed all of the scheduled missions.
Questionnaire on university microsatellites
We conducted a questionnaire about university microsatellites to gather detailed information about their development. The questionnaire included items about the development environment and failure, as shown in Table 1 . In December 2010, we obtained answers to the questionnaire from several Japanese universities with experience in microsatellite development. 
The number of launched CubeSats by country
The United States of America (America) developed nearly half of the CubeSats (48%) in the world, as shown in Fig. 2 , Japan is ranked second (21%), and Germany is third (9%). It is interesting that Russia and China have not developed CubeSats, in spite of the fact that they are advanced countries with regard to space development. Figure 3 shows the number of launched CubeSats by rocket, including the launches scheduled for the Vega and Falcon-1 in 2011. PSLV, launched by India, delivered the most CubeSats (19%) into orbit, which was a result of the price hike in the launch cost in Russia, making PSLV a more reasonable choice. Vega, developed by the European Space Agency (ESA), is ranked second (15%) with regard to the number of CubeSats launched, followed by Dnepr (12%). Fig. 3 clearly indicates that the ways of delivering CubeSats into orbit are varied. 
The number of launched CubeSats by rocket

Mission success rate
We assessed the mission success or failure of 35 CubeSats developed by universities. Figures 4 and 5 show the mission success rates. Twenty-nine CubeSats (83%) obtained minimum success, and 10 CubeSats (29%) obtained full success. We were not able to credit 1 CubeSat with minimum success and 11 CubeSats with full success because of the lack of information. Two of the CubeSats have continued their missions since 2010. 
The number of launched CubeSats by year and country
As shown in Fig. 7 , Japan has continued to develop CubeSats since 2003. On the other hand, America has increased the development of CubeSats since 2007, because the National Aeronautics and Space Administration (NASA) started to promote its own CubeSat project, so that America would increase the number of CubeSats produced there. Figure 8 shows the number of mission successes by rocket. Minimum success in Fig. 8 means the number of CubeSats to have obtained minimum success but not to have obtained full success. "Out of evaluation" means CubeSats developed by space agencies and proper satellite industries. The CubeSats that failed to obtain minimum success tend to be weighted toward the specified rockets carrying a small number of CubeSats, which suggests that information sharing among the CubeSat teams contributed to their success. For instance, when some teams go through their launching procedures and acquire CubeSats in the early phase of operation, they share a portion of the information about those procedures, creating an environment that has a better chance for success in the early stage. Figure 9 shows the number of mission success by year. Unfortunately, we do not observe a tendency for the mission success rate to improve year after year. 
The number of mission successes by rocket
The number of mission successes by year
The number of mission successes by country
NASA and satellite manufacturers developed about half of the total number of CubeSats in America, as shown in Fig. 10 . It is, however, not the case that the more a country develops CubeSats, the better the country's success rate. 
Analysis Results
We analyzed the information described in the previous sections and forecast the future of CubeSat development. In addition, we describe the features of CubeSat development in each country.
Prediction of the number of launched CubeSats
We forecast the number of CubeSats that will be launched in the future based on Fig. 1 with single regression analysis. The prediction is expressed by the following equation: where t(α, ν) is the t-distribution, α is significance level, ν is the degree of freedom, n is the number of samples, S xx is the sum of squares and V e is the variance. This result is plotted in Fig. 11 . Ten to eighteen CubeSats are predicted to be launched in 2011. This forecast corresponds with the schedule of 12 CubeSats that would be launched in 2011. We can target the growth like a quadratic function to increase the groups developing CubeSats. 
Prediction of mission success probability
We estimate the mission success probability of CubeSats to be launched in 2011 with a logistic regression model, as follows:
Here, P is the probability, β is the regression coefficient and x is an explanatory variable. The prediction equations use two parameters, which are the mission success rate on each mass ( 1 x ) and the country ( 2 x ). β is decided based on the mission success rate of CubeSats launched in the past. Figures 12 and 13 show the relations between mass and the number of mission successes, where 0 means failure and 1 is success, and the size of the ball represents the height of the mission success rate on the mass. The heavier a CubeSat is, the higher mission success rate is.
The minimum and full success probabilities, P M and P F , can be expressed as follows: (5) Table 2 shows the mission success probability of CubeSats to be launched in 2011. There are 10 one-unit (1U, □ in table) and 2 triple-unit (3U, □□□) CubeSats among the 12 CubeSats scheduled. Newcomers, represented by a gray background in Table 2 , are exempt from the estimation, because there is no data on the mission success rate for these CubeSats. If the mission success probability is over 50%, we judge that mission as successful. In this case, 3 out of 4 CubeSats would achieve minimum success. Meanwhile, no CubeSat would complete full success. As an example, let us examine Norway's mission success probability. Norway has never achieved even minimum success, so that success for a Norway mission has an extremely low probability. Suppose that Norway's success rate is equivalent to the world average, meaning that Norway shares information across the world. When we process this situation with the number of total CubeSats and the global average of mission success rate, Norway's minimum and full success probabilities improve to 83% and 13%, respectively. Or, if Norway shares information with Japan, expressed by the past results of Norway and Japan being summed, the minimum and full success probabilities improve to 69% and 45%, respectively, due to the fact that Japan has a high full success rate. This means that newcomers or poor performance countries can improve their probabilities by information sharing with the experienced countries.
Features by country
We performed a comprehensive evaluation of the features by country from the viewpoints of the number of launched CubeSats and mission success rate, with analysis of the principal components. Principal component 1 (PC1) and 2 (PC2) are expressed as follows: where a is constant, and u 1 , u 2 and u 3 are the standardized numbers of launched CubeSats, the minimum success and the full success by country, respectively. PC1 in Fig. 14 shows the evaluation rate of each parameter. All points are located to the right of the vertical axis, which means that the farther right the point in Fig. 15 , the better the comprehensive evaluation is.
"Launched" and "Minimum Success" are located above and "Full Success" is below compared to the horizontal axis in Fig. 14. This means that a country will be evaluated as experiencing full success more than others if its point is located below the horizontal axis in Fig. 15 . That is, PC2 shows the full success rate of the country. Also in Fig. 15 , we can only rank the superiority or inferiority among the countries by their relative position. On the basis of these rules, Japan achieved the best comprehensive evaluation, based on its full success rate, followed by America, evaluated based on its minimum success and the number of CubeSats launched. Germany is third, located near the origin, that is, the world's present average. The countries evaluated by full success are Japan, Canada, the Netherlands and Colombia, and the target direction is the fourth quadrant. Table 3 shows the results of the questionnaire items about the environment and the schedule of corresponding satellite development. The mass of the satellites ranges from 1 to 8.5 kg, that is, nanosatellite class (1 -10 kg). Here, sample 1 is a CubeSat. The average number of developers is 10 -15. Though the development period was scheduled for 2 -5 years, the satellites were developed during a period of 3 -7 years. While sample 1 reentered the atmosphere about a month after the launch, samples 2 and 3 continue to be operational.
Results of the questionnaire on university microsatellites
The answers to the questionnaire items about corresponding tests are shown in Table 4 . Five tests were conducted by all samples, and 4 of them were mechanical environment tests. This suggests that the launch service providers have the satellite developers conduct the tests.
As shown in Fig. 16 , the failures obviously converge on the early phase. In Figs. 17 and 18 , we can see the failures may be preventable, as they are derived from the lack of tests and debug capability. That is, we might have prevented half of the failures with adequate development processes. Table 4 . Implementation status of environment tests. 
Consideration
First, the number of launched CubeSats tends to increase continuously, as shown in Fig. 1 . Furthermore, Fig. 2 and 7 represent that the countries of newcomers increase year by year. We forecast that 20 CubeSats will be launched in 2014, according to Fig. 11 .
On the other hand, the increase in the number of proposed launches of CubeSats will affect the securing of rockets to launch them. CubeSats have already been launched by the various rockets shown in Figs. 3 and 6. Unless launch opportunities are not naturally increased, we must plan rocket development and a launch schedule based on the forecasted number of satellites.
CubeSats launched by PSLV and Dnepr have extremely high mission success rates, as shown in Fig. 8 , which suggests that information sharing among the CubeSat teams contributed to their success. Information sharing and co-development, especially with regard to information about the stages of development and early operation, will be very effective to improve mission success rates, as represented by the noteworthy improvement of the potential mission success rate of Norway described in section 4.2.
Figures 14 and 15 indicate the relative comprehensive evaluation by country, where the origin in Fig. 15 represents the world's average, and the countries with few launched CubeSats are clustered on the left side of the figure. The greater the number of full successes, the lower the point is positioned. That is, we target heading toward the lower right, and Japan is at the head with regard to the relative comprehensive evaluation.
As a result of the questionnaire we administered, 5 tests were conducted by all samples, and 4 of them were mechanical environment tests. This means that the teams do not conduct sufficient tests for their satellites to survive in space. In spite of the fact that we need to use space efficiently, as space debris is becoming a more serious problem each year, 71% of university satellites failed to achieve full success, as shown in Fig. 5 . Additionally, many failures occurred in the early operation phase, as shown in Fig. 16 , indicating that the satellites had flaws right from the beginning, suggesting they were not tested sufficiently. This calls for the development of a test standard to raise the mission success rate.
Conclusions
We collected and analyzed information about CubeSats and university satellites to clarify the present situation and forecast the future situation. As a result, we found the following: · The number of launched CubeSats is continuously increasing, and we estimate that 20 CubeSats will be launched in 2014. · CubeSats have already been launched in a variety of ways. We expect a need for increased launch opportunities with increasing CubeSats. · The minimum success rate is about 80%, and the full success rate is 30%. The satellites designed by teams with the opportunity to share information have a high mission success rate. This indicates that information sharing is effective to decrease failures. · As shown in Fig. 15 , Japan is in the lead with respect to relative comprehensive evaluation. This figure is very useful for countries planning their strategy for space development. · Our questionnaire revealed that 5 tests were conducted by all samples, and 4 of them were mechanical environment tests. This means that university satellite teams do not have an adequate testing standard. · We have the potential to predict half of failures, and thus we should develop a testing standard for university satellite teams.
It is important that we collect more satellite information to analyze this situation in detail.
